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THEPIGMi TECHNOLCKY*

Donald A. Swenson

Los Alamos Scientific Laboratory, Los Alamos, New Mexico

.

I. INTRODIJ2TION

The accelerator technologies relevant to the design of a

med!.tally practical p~on~enerator for,~dical ~rzadiations (PIGMI)

have been identified ma Geveloped under the PIGMI program of the Los

Alamos Scientj.fic Laboratory (LA5L). The major technological

Innovations promotedby the PIGMI programare listed in Fig. 1. A

IIbase-casell dUiigl”i for PJGMI is presented in this paper. Figure 2

shows a typicai layout for this basic configuration in the pr~xinity

of a major medical centex. Kre details cm this ~ase-case design ano

several alternative configurations will be describ~d in ● more

complete PIuM1 design report currently in preparation by the PIGMI

design team. This desiq~ repurt will include a detailed cost

breakdowrl that is expected 10 indicate d cost for the accelerator

Dortioll of thr f~cility o? abo~t $10 million, a cost fOr the treatmet

facility efabout !$l(lmillif)n, and a cost OfapprOX~~tely $5 million

fu] site pre~w-atlor}, giving a total cost of n PIGMl facility of about

$25 rrilll~on.

. . .— - —.-— — -

●ll]i:, w~rk was Supportud by the Natiuntil Ci!llCer ]n~tltUtE, DiViS;Oll Of

Flesearch and CWtcrs, Department of Health, ~~cation, and WelfUrc.



II. ACCELERATORSYSTEMS-

A. Surrrnarv
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GEW?AL DESCRIPTION

The accelerator portion of the PIGMI facility consists of an

injector, a raaio frequmcy quadruple (RFQ) linac structure, a

drift-tube linac (DTL) structure, a coupled-cavity linac (CCL)

structure, a 440-Hlz rf system, six 132W+lz rf systems, and a control

and instrumentation sj’stem, as shown in Fig. 3. All OF these

components have been unde- development in the ?IGMI program at LASL.

The accelerator is 134 m long ai)d is suitable for installation

underground in a tunnel of modest cross section.

The 440-bliz RFQ linac dramatically simplifies the front Pnd of

the accelerator. It can accept a protnn beam with an energy of only

30 keV, ano bunch anti accelerate it to an enexgy of 2.5 MeVir approx-

imately 1.8 m, where the beam i~ ideally suited foi irljection into the

13TL. Tne RFQ does this essential task bettel’ than any other known

str(lcture. It eliminates the need fur a large end custly Cockcroft-

kalton pGwer supply, a cumplex multicavity buncher system, a low-energy

beam transport system, and the associated control and instrumentation.

The average accel~reting gradient of the RFIJ is about 1.4 MeV/m.

Th~ DTL is a 44[)-4+lz, single-cavity, post-~oupled llnec

structure, approximately 30 m knyl that accelerates the beam from

2.5 MeVto 125 FkV. It contains 15[1 drift tubes, each of which

contain a small, permanent.-nwgnet, quadruple len~ tu focus the beam.

ThL D“iLLS driven by a Slnglc) klystron, which is coupled to the

structure through an iris near the center of the DTL. The average

exlal electric field gradient 1s 6 kV/m,
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The CCL is a 1320-t4iz structure ot the “disk and washer” type

that accelerates tne beam frum 125 MeVto 650 MI?Virl approximately

100 m. The structure is comprised o“ 108 tanks of 11 cells each, with

the cell gcomet.ry of each tank optimized for tne eriergy range that it

spans.

coaxial

coupler

The entire structur~ is coupled together by 107 single-cell

bridge couplers into a :~ngle resonant unit. Each bridge

contains a permanent-magnet quadruple singlet to focus the

beam. ‘he entire CCL is driven by six klystrons that are coupled to

theCCL through six bridge colJplers Syf’nmetfiCally located along the

structure. The average axial electric field gradient is a MeV/m.

A very attractive feature of the PIGMI accelerator is its stark

simplicity. There are orIly two resonant units, one at 440 MHz. and

one at 132J bt+z, which implies that there are only three principal

sctpoint~ in tru’ control of tne rf fields; namelv, the amplitude cf

each and their relative phas~. All magnetic quadruples (except those

in th~ trmsitiun region between the CITLand CCL) are ot’ the permanent

magnrt type, which requires no power supplies or associated

instrumentation. Tne iaject~on voltage 1s supplied by a rack-mounted

30 kV power :IIIIply. Tile lok.enelgy beam trar,sport system consists of

a single einze.1 lens for control of the focusinq and min~mal steer~ng

for correction of anv misalignments. In all, there are very few power

supplles and very few active control parameters.

A molest, distributed, MLJLTIBU~baseclcontrol system, of the

type being developed fur other projects &t FEIWIJM, LASL, andNBS,

cen handle the control ar% diagnustir requirements ot this facility.

It is entirely practical to realize a thre-state control; namely,

CFF, STQNIMY,and ON.
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B. Injector System

The il~jector system has traditionally been en expensive ar,rl

complicated component of a proton linac. The conventimal .irijection

energy of about 750 k5V was reduced to 250 keV by the alternating

phase focused (APF) structure in tt&PIGMI Prototype, f’lrther reduces

to 100 keV in the RFQ proof-of-principal (POP) experiment, and finally

reduced to 30 keb’ for PIGMI. Injeccor operation at 30 kV dramatically

simplifies the aesign, allowing the ion source and associate elec-

tronics to be enclosed in a srrall

ment cabinet, as shown in Fig. 4.

The 3&keV injection energy

vacuum housing and a single equip-

satisfies the RFQ requirement fol

efficient bunching jn a minimum distance and the requirement ‘or re-

lirble operation of the single-gap high-brightness extraction system.

Because of this low energy, electrostatic focusing of the ion beam is

more effective than ttle magnetic ?ocusing employed in the PIGMi PrOtO-

type. A three-elemer,t unipotcntial einzel lens was designwl to provide

this electrostatic tocusing; the calculated beam profile far a 32-mR

proton beam extracted from the ion source and tran~ported through this

system is showrl in Fig. 5.

The einzel lens was selected because of the simplicity of

fabrication, the minimal space requirement, and the Lack of’ tile power

and Cunlirig required by magnetic fOcuSing. The excitation of thlr l~ns

can be derived

power supply.

shown that lof)

from a high-voltage divider system rI:I tile injector

Calculations of this lens and ext.rfctlcf-i system have

currents in the range of 20-35 mAcan be focused into
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the RFQ with a lens voltage in the range of 20-3LI kV. Below 20 MAof

extracted beam current, the divergence of the beam is too large fOr

all of the beam to enter the einzel lens aperture, although most of

the beam entering the sinzel lens is focused into the RFQ.

c. RF(J Linac

The RFQ represents a revolutionary new focusing, bunching, and

accelerating structure that promises to be ar, important part of many

future ~,roton, light ion and heavy ion faciliti~s. The first RFIJ

siru~ture in the western world was tested in the PIGM1 laboratory in

February, 1980. These tests were highly successful, confirming the

general

between

rrance.

properties of the Pi:L~structure and

the measurea prc)perties of the bea

Tt)e tests alsG confirm tnat the ;{F[J

gave excellent agreemmt

and the predicted perfor-

operates in a stable

manner that is remarkably Insensitive to injection energy erro:s, rf

excitation elrors, ana structural fabrication errors.

Tne RFQ is considered by rri,iIy to be the “missing link” in linac

technc~ogy. It represents a superb answer to one of the last remaili-

ng questions of how ta build s~mple, reliable and inexpensive proton

ion linacs. The Ri-CJoffers tlw lowest injc!cs~orl energy of any known

Ii:’ac structure, it is the best bunch~r that has ever been cnnc~ivefl,

or

and it bur]ches and accelerates the beam w~th less emittancr growth than

any other known system. It represents the best transformation that ha:.

ever been seen bttween the contir]uous beams that come from 10II sourr~:.

and the bunched and accelerated beanl’~ req(jlred by conventional linacs.
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The RFQ eliminates tne need for large and costly Cockcroft-Walton

power supplies, complex multicavity buncher systems, low-energy beam

transport system~ , and the associated control end insirunmtation.

The RFQ is essentially vane-loaded cylinder es shown in Fig. 6,

‘Xcitea ‘n a ‘edified TE210 cavity mode, which produces a strong

electric quadruple field in the vicinit~ of the axis. The transverse

components of this fielu, which are mifu:nl in space and alternating

ir tire, give rise to strong, alternating-gradimt, focusing effects

that can be used to focus beams of particles t:avelin~ along the axis

cf tne structure. By scalloping the vane-tip geunetry as sham ir]

Fig. e, a longitudir~al component 1s introduceti into the rf electric

fiela in the vicinity of the axis, which can be used to bunch and

accelerate the beams. Thus, the RFIJ structure is capable nf focusing,

bunching, and accelerating beams cf charge p~rtic]es.

The structure is so simple that, fcr ttle first time, it 1s

possible to confi~re the linac for ad!abatic capture c? cont~nuo(!~

beams at low ene~gy. This is done by introducing the sc-~llops

gradually so that the structure acts primarily as a buncher at t.lle

beginnin~, transforming gradually to an accelerator at the end. A

c~mputer-generat~rl pictul? of such a varle tip jb shov inFlg. 7. Ii

cutaway view of the F?FQStrucbure is shown in Fig. 8,

The WCJ is ccmprlsed of four regions; the r~diil matching section,

the shaper, the gentle auncher , and the arceleratlng section. In the

radial matchlllg region, the vane aperture is tapered to adjust tie

focusing strength fmrnalhmt zero to its full value in L very short
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distance; this allows the dc injected beam to be matched into the time-

dependent focusing, In the next two regicns, the shaper and the gentle

buncher, the beam is adiabatica~.ly Imnched as it’is accelerated. At

the end of the gertli? buncher, the synchronous phase angle of the beam

reaches its final value md the bunched

final

phase

ation

linac

region. In this region, the vane

angle are held constant to obtain

gradient.

beam is then accelerated in the

radius, vane modulation, and

the maximum possible acceler-

The PIGMI RF(Jwas aesigned and analyzed with the aid of the RFCI

design an~ sirri~lation

440 MHz. It is designed to

source anc to focus, bunch,

code, PARMTEJ. The operating frequenc~ is

accept a 30-keV proton beam from the ion

and accelerate the beam to an energy of

2.5 MeVin a length of 1.8 m. Each Varle .ip has a total of2Cld

scallops, varying in length frOm 0.27 cm at the beginning to 2.47 cm

at the ena. The minimum radial aperture Lf the structure is 1.9 mm.

The performancti of this structure was analyzed in detail with

tnfi PARMTLQcoae. lt captures 92!4 of a 3U-mGbeam to yiela the PILMI

design current

beam are shown

the in~t beam

of 28 mA. The si?e, phase, and energy profiles of the

in Fig. 9. The normalized ?mittance [(area!~)”~~] of

was taken to be 0.048 n cm”mrad. Tne input and out~ut

p!lasb spaces of the beam are shown in Fig. 10. The transverse emit-

tance growth (for the QO$ contuur) is about a factor of 1.Q, d~lch is

better than can be acll’wed by my other buncher/linac combination.
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A coaxial manifoldhas beendevelopedthat providesa symmetri-

cal, multislotdrivingarrangementfor the RFQ cavity. A coaxial

cavity,surroundingthe RFQ cdvity,is excitedin a coaxialTEM mude.

The magneticfieldsin the TEM mode are orthogonalto the magnetic

fielasil)the RFQ mode. These fieldscan be coupledby c ~gorlalslots,

wnerethe slotanglesaye determinedby the magnitude and direction of

the magneticfieiasin the vicinityof the slots. Techniquesare uncle.

investigationfcr resonatingtheseslotsso as to proviaeresonant

couplingbetweenth~ RFQ manifoldand the RFQ cavity.

A tecnniquehas been proposecforcouplingthe RF: manif~lc!tc

tt?~DTL so that tne RFG can aeriveits rf powerfromthe DTL, thereb)

eliminatingthe necessityfor a separaterf powersotirceana crive

line for the RrQ. This techniqueis beingdeveloped,and will be

testedin the PIGMI laboratoryin 1981.

D. DTL

The vastmajorityuf the protonlinacsare of the drift-tube

linactype. M3stof the linacsdesignedin the last ten yearsemploy

post couplers,developedat LASLby the prin:ipal~nvestigatorsof the

PIGMIprogram,to stabilizethe distributionof the electromagnetic

fieldswithinthe structure. The propertiesand performanceof these

Structux’esare well known,

The PICMI

beingmore tl,an

cross-sectional

DTL differsfromconventionalDTLs primarilyin scale,

twice the frequency,and hence, less than half the

ciameter of conventional linacs. The highexfrequency
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ana the lok-dutyfactGrof PIGMImake the opti~luracceleratinggracient

of PIGtiIhignerI,h&nnormalfor conventionallinacs,thusmakilmgthe

PILVIIfacilitysignificantlyshorter.

Tne smallsizeof trlePILMICITLprecluciesnormalfatiricationana

assem~lytechniques,whichrequireentryof personnelintotne interlOr

of the StruCture fur 8SSWE)1Y ana alignment. The PIGMIschemeis base~

on the preassemblyof short (2.5-m)linactanksections,intowhic~the

Crifttubescan be introdl-ce~frorr,the er,dsor throuqnslotsin the tcp

i,~toprecision.boreuh~lesalonqthe bottomof the tank sections.

The ?IGL’1crifttubesare alscconsiderablysmallerthan thosei’”

conventionalGTLs,precludingthe use of electromagneticquacr~pole

le:,sesf~r focusingthe bearr.The PIGM1sGiutionis tc use perma”le-:-

rrlagr]etquaGrupclelenses,made of moaerrlmaterials in the beSt geane:-

ricalconfiguratiGi-(shownin Ficj.11),whichres~lts.inverjcompact

rr,dgneticlensesof sufficientstrength. The designis furthersimpli-

fiedcIyolluwingall of th,eqtiacrupclesto have a comon lengtnand

stre:lgtnthroughoutthe structure.

The PIuMl [JTL is conceiveoas a single-tank,post-couplesdrift-

tube linacthat is approximately30 m longana 0.4 m in aiameter. The

CITL operatesat 44LIMHZ, the same as thatof the RFQ, and accelerates

the proton bearr from 2.5 MeV to 125 MeV, wit-han ave~ageaxialelectric

flelfiOf 6 !@/m. The peak powerdissipationin the structureis

14.2Mh and th~ peakbeam poweris 3,4 Mk for a totalpeak power
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requirementof 17.6MW. The averagepower

is only51 kW or 1.7 kN/n.

dissipatedin the structure

The DTL structurehas 150 drifttubesand 74 post couplers. All

drifttubeshave a 6-cm o.d.,a l-cm-diamborehole,and are supported

on a singlestem fromthe bottom

cutawayviewOT a portionof the

Each drifttubecontainsa

of the tank. Figure12 showsa

DTL structure.

permanent-magnetquadruple lens to

focustne beam. All 150 quadruple magnetsare identicalin size and

strengtn. They are mace of samariumcobaltand are magnetizedto

proauc:a quadruple gradient of 20 kG/cmoverthe l-cm-diambore.

Tne DTL structureis aesi;ncaand analyzedwitn the aid of the

lina~oesignana simulationcode,PARMILA. The structureaccepts

essentially100%of the acceleratedl)~;’~ fromthe RFQ and accelerates

lt tO 125 MeV. Figure13 S}ICIW the size,phase,and energyprofiles

of the beam and Fi5. 14 showsthe inputand outputphasespaces. The

beam suffersessentiallyno erriittancegrowthin the 12TL.

Tne 30-m linacstructureis fabricatedas twelvetanksections,

each about2.5 m lmg. The endsof the tank sectionsar~ locatedat

pointscorrespondingtu the midplaneof a drift-tubegap. The length,

f,urudr of drift tubes,and maximumenergyasscciatecito eachof t}]e

tank sectionsis givenin TableI. The generalmechanicalfeatureof

tne firstand last tank sections are shownin Fig. 15.

Tne tank sections are stiffened along the bottom by a structural

me~er that supports the drift tubes. The drift tubemountingholes
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are precision!?oredthrough,this structuralmemberand tank wall. Pest

couplermountingholesare boredalongthe sideof the ta-lt<at loca-

tionscorrespondingt(;the midplaneof everyotherdrifttubeanti

alternatingfrOmside-to-sideof the structure.Each tank sectionhas

two half-meter-longslotsin the top surfacefor accessto the interior

and for mountinqvacuum pumps, fixedtuners,variabletuners,etc.

6eforeasse~ly of the entirestruct~re,each tanksectionis

fullyassembled,completewith drifttUbeS,post?Guplers,tmers,

monitorloops,etc. The drifttubesare alignedwith the centersof

the end flanges. The tank sectionscan be terminate by a conducting

planeat eacnend, and tne finetuningon the resonantfrequencyand

the adjustmentof the post couplerscan be done.

For finalassembly,the tanksectionsare joinedtogethe’,and

supportedby theirend flanges,whichare alignedto lie alonga

straightline. The end flangesare supporteddixectlyfromthe flo~r

by supportstructuresthathave good transverserigidityand poor

longitudinalrigidity. The centerof the DTL structureis anchoredto

a rigidlongitudinalsupport.

L-. Coupled-CavityLinac—

significantdiscoveriesmadeat LA5Lduringthe developmentCF

lAIvPFin the 1960s,led tileway to the developmentof practical

coupled-cavitylinacstructuresfor accelerationof pr~tonsat energies

in excess of 200 MeV. The majorad~ancemadeat that timewas the
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recognitionof the importanceof lJsingbiperiodicstand~nc+wavestruc-

turesexcitedin the n/? c:vityrrinae.ihestructure,ckvelopedat

thattime,is calledthe side-coupledstructureand,when properly

tuned,offe~shigh efficiency.inthe convers.o[~of rf puwerto beam

powerwithexceptionalstabilityin the distributionof the acceler--

at.ingfields,a featurethat is essentialfor reliableoperation.

The Russians , in their interest in buil~lng a I_At@F-type

machine,consideredthe LAkf’Fside-coupledstructureand two other

structures;namely,the ring-coupledstructure,a!~da AW structure.

They Seleciedthe latterbecauseof jt:slarg~:interc~vitycoupling

constar~tand it~ poterltialfor simplefabrication.

At the outsetof tne FIGMIprogram,it was assumed

lll~igh-bet~tlpcl~iof]Uf p]~t41v:oulduti i“ea scaled-gown

the LA&PFside-coupledstruct~’re.The onli’ developments

LI’_iatthe

versionof

envisioned

wereways tc increase‘:heintercavitycouplingand ways to simplify

the fabrication.It waJ quicklyre.llizedthat the outstandingpr~p-

e.rtie~of ‘he DAW struclljr~mtisf,iedbott,gc)als.A cu:awajviewc)f

the DAN structureis shownin Fig. 16.

SU’ERFISH,a powerfulrf cavitycalculationalprogramdevelo~c’{

at L.AS1-,partlyin responseto the Ileed$, LJf the PIGMlprografll,WA:.

u:(:dtu analyzeth~ DAW %truct’.jrein detail. Exhaustivecornpljter

studieswith thisprogram,coupledwith testcavity experiments,

to G thoroughunderstmdicyof the performanceof tbi<structure

to an uptimi~edset of parametersfor the PICMIapplica’tiun.
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In long linbc stlurtures, such as PIGK, ther? is a needto break

the structJre into shmter s,ctions to allow introduction of auxiliary

appa.atus suctl as beam focusing quadrupolps, beam diagnostic equipment,

vacuum isol~ticm valves; etc. In many cases, it is also desirable to

couple these sections into longer r~sonant lJf7~t5 to rejucethe rewired

numxr of rf ~owel drive points and to lock the AeldtlVl? phase and am-

plitude of tne fields in adjacent zections. To take optimumadvantage

uf the superior properties of this structure, any required rf COU@CrS

shuulu also be of the resonantly couples type with large coupling con-

stants, ana fOr thr practical reasons of Stnucture tuning, the If coup-

!ing of tlw linac structures shuuld Lsepresent a minimuf,,dist.urtlunof

the t’ieidpatterns‘n either elemert. Sucn couplers at L,4WFhave been

callr?d “bridge couplers” because they bridge the resonant propert!:ts

of the l;WJC structure around the auxiliary apparatus.

Single-cell bridge col’;,iers nave bPL.indeveloped for the PIGMI

al .lication thut nre ade(luate to house thr rec~uired apparatus within

tl;e linac strl’ctureo Figure 17 ShOW5 thu LJelleri [ gecml’:try uf thest!

brlUyL (’!)UIJlerL fL)r tf”)~ VZIlUf2: of b equdl tu U.5,0.6, 0./, arm 0.8

III tfw ce,ltcrof each l~ridgc coupl~r there is . reylnn of tiigl’ n+gn~tic

I’ield and zeru electiic ti~’ld. Cunuutlrlg radial support~ ir] this

plaIIE: t~dvu u r]~[lligjble Fttect .~! *FJ(’accclexrjtlrly mu?~’and a tuler-

tiblo &ffel-Lm tflv clupliny mudt’. Hullow LJIWCtlIIg ra~lml w~lport~

pr(lvldu :,IJ;t;ll]J~ cll~lmc!ls f[lr till,~ ilJIVjCtJ! rl:quired by tllu 3uxiliaIy

qppmf]tu:t Imm!i wi[llln tlm br~(jgt’ cmjlti~rs, such as rmollny water for
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the DridgeCOUpler parts,sigfialledds forbeam ciiagno~ticdevices,anu

controlrods formechanicaldevices. Practicalderignsfor bridge

couplersincorporatinga varietyof thesefeatureshavebeenmade.

The PIGMICCL is approximately100m longand 0.34 m in diameter,

The operatingfrequency1s 1320MHz, three timesthat.of the DTL. It

acceleratesthe protonbeam from125 Mek t.o 650 MeV wit!lan average

axidl electriL ‘ieldof 6 t4V/m.The peak powerdissipationin the

structureis 69 MW and the pedkbeam poweris 14.6MW fox a totalpeak

pews:requirementof 61.4 M“:. The ~veragep~werdissipatedi’1the

structureis only250 kW, or about2.5 kW/m.

The PIGMICCL is com:lrisedof 1LJ8tanksof 11 cellseach,whose

lengthsvary frnmO.6 m to 1.LJm. The cellgeometriesare uniforrr

throughouteach tank,and differfrom tar~l(to tank. lne tanksa~e

resondnt]ycoupledtogetherby 107 ringle-cellbridgecouplers,eccll

containinga per.nanentmag[letquadruple singletfor frcus.ingthe bea:n.

FigureJ& showsthe geom~~ry of the quadruple singlet;all 1[)7quadru-

ple singlrtsare identical.7hLIyare madeof’a CerarTliCmaterialmacj-

netizt!dto prodllcea quadruple gradientof 5 kG/cmover the Z-cm-diam

bore.Thebore-holeJiamptero? ttlestrJctureanclof the brldgccoupler

1s 2 Crrl.

lhe CCL structureis d~:,igrledand analyzedwith the aid of the

l~nacdcslgnproqram,[lAWDSN,ant!the linacs~nulntionprm~]rwv,‘)fiWLIN.

The structureacceptsessel)tially100%of the acceleratedbeam fromtlm’

DTL end acceler~tesit to 650 MPV. The sJ:(!phase,~rlcjenergyprofil~s
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for the beamare shown in Fig. 19. The inputand outputphas~spaces

of the b~amare showni’ Fig. 20. The beam suffc~sessentiallyno

emittancegrowthin thisportiorto? the PIGMIfacility.

For the purp~seof facilityorganiz~tion,the CCL is subdivide~

into6 modulesof 18 tankseach. A high degreeC? similarityis im-

pOSeU on the oryanizatianof eachmodulewith regaIdto the distri.

butionof t~w necessaryauxiliaryfeatures:IJch JS ;f drivepoints,

beam and acceleratordiagr)cr,ticinstrumentation,ana kacuumequipment.

The centerbridgecouplerof eachrruduleaccomrncdate:one of the six

ljiuMHz rf powersystems. The ~ Jbridgecouplerof e~chmockleis

outfittedwitr’a c(.axi~lCcramirwillduwand a cumpactbeamlinevalv[.

to providevacuumisulatiorlbetweenmocIules‘ormaintenancepurposes.

The remainingbridgf:couplErsaccorn’nudatean arrayof vacuumpuITysand

diagnosticgear. Figuxl21 showsa typicalmodule,and Table11 gi~cs

the lengthand maximum((v>rg/associate!witheach omdule,

Beforethe fabricfitionof each tank,tht’partsaxe assemt)l~rji,)

& tempuraryfashion10 Chvl;kthe re~onantfrv?qIencyand the sLcJpbAfKj

bet.wemthe acceleratingmode and flw couplingmoclc.If changesaru

ru :’tlarlqps arc rrki~lctc)the individual waslwrs.-C~!,<~ry. . W(l(?flthese

col~!,,traintb are satisfied,thtIf’abric;lti{]r~of’thv t.af~kis com~)leted.

ltlctaf]ksBrc t.ll[!llJtJ~lN:dto$)tll~’lillsm~llgruu~wf.ut:)!,t tfw pro~l-

ertiPS[Jfthf’bIiUy[!C(il\Jl[’IS; if lllillL)I’Cllti(~yt_!&~1’c :(-tqu~r~~ in the

bridge~~u~)~(?r’1, tlm’ycullUC rnadr at. this timt’, WIWI) the entire
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structureis assembieaat its finaldestination,onlyminortuning

shouldbe requiresto achievethe desiredresonantfrequen::yatjdfiela

distribution.

F. RF PowerSystems

The PIGMI frequenciesof 440 MHz and 1320 MHz were chosen partly

on beamdynamicsconsiderationsand partlyon the availabillt~of suit-

able klystrons.Many militaryradarklystronsh~vebeen designedto

operatein the 400- to 450-14izbana and the next higherfrequencyband

of 1250to 1350MHz. The PIGM: frequencies,whichmust be harmonically

related,werechosento fallin thes~:ranges.

The costsut’the rf”syster~swere comparedfor threw’different.

ueanspulsepatterns0;’a sameduty factor;namely,1O-PSbeam pulsesat

a 360-Hzrepetitionrate,.30-Lisbeam pulses at, a Izo-1-lz repetition rate, anu

6L-Psbea,llpulsesat a bU-t{zrep[)tition rate. The shcrtcr

beam pulseand hiqhcr~epetiti~[lratereducethe costof the pul~c

formingnetwurk (PFN)modulator,but consumemore averagepJwer be-

cause of the larger number of cavity fill times. The longer beam

pulsu dno lower repetitiorl rate result in a lUGkW power savings Over

the medium pulse alternative and a 240-kW power snvings over the short

p(lA>~ klt( tive, The 60-11s,6U.HZoptionhas been ndoptedforPIGMI

or,the basisth~ltthe powersa~ingzrpsult~nyfromthe lowerrepetition

ratewill overridethe acklitiu,?~lccl~tuf the f’VNmodulatorsa~sociated

with the lvngcr2ulsrlength.
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The cavitypowerdissipation for the 440-ktizportionsof PIGMI

(RFQ md DTL) al~ estimated to be 16.2 MW, and the beam loading fox

this same re@On correspondsto 3.5 M’W. The If pulselengthmust

exceedthe beam pulse.engthby the cavityfilltime of approximately

15.6 PS. The rf duty factor is 61Jo?5.6010-b or 0.0[M1536. The total

peak powerrequirementat 44U F4izis 19.7Mh’and the averagepower

requirementis 89.4 kW. A singleVarianVA-812Eklystroncan satisfy

both the peakand averagepowerreqJireme:-,tsof the 44C-w7 portiol)of

PIGttI.

The cavitypowerdissipationfor the 1329MH: portionof PIGMIis

estimatedto be 6~.,fiN!,,aod the beam loac!inqfc~rthis same regioncor-

re:ponust.o14.6MN, “Iticcavityfilltimeof the 13:!0MHz StrUCtureis

only 3,b p:, and the I_fduty factoris 0.00381/,.The totalpeak

the averagepo~t?r

klystronsare capableof

satisfyingboth the peak dnu averagepowerrequirementsof the 13?(J14+z

portion of F’lGMJ.ltlt!F’lLt41UeSign.isbi+s~u 0(”1Six suchklystrons

operatirlgSL a reduced lev:l , pruvidingthe possibility,in

emayencies, to con+.inueopl:rationin the even’,of the failureof a

singleklyst,rot).

An appropriatePFN muduiatorhas tleerldesignedand is.being fau-

ricatcdfur the PIGMl ccm)~mrx!nt tt’~t ~lrogram,Figure 22 shows a schr-

matic diagramof t.lwmuch)latorand FLq, 25 shuwsthe ger)rralphysical

propertiesof tt)e1320-M{zrt’poweIsystem.
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G. ComputerControland Instrumentationsysta~

The PIGM:I

operatorwith a

The STANDBYand

controland instrumentationsyster,l\,-llpicvidethe

three-statecontrol;namely,OFF, SIANDBY,and ON.

GFJStatpsare identicalin that all equipment is on

findrunningwithintoleran~e,with the exceptionthatthe beam is

inhibite~at tt~e ion source and certainbeamstopsare insertedin the

STANDBYstate.

In eith=rof thesestates,th,eoperatorcan rnonitc)rthe detailed

perfcirrnanceof eachand everysyst~min the facility. All of the set-

pointsdesignedto influencethe performanceof the machineare avail-

able Lu th~ operatur

setpoints can be set

through the control system. 911 of the these

up, monitored,ar5/orrecordedfor futureset-u;]

pulposes by Convenient parameter management procedures.

In the ON state,the operatcrcan monitorthe ~r~pertiesof trlf’

beam, the ev~der~ce of beam 10ss (if any), and the effect~of besm lUdd-

ing on the acceleratorequipmentsystems. Certaintuningproced~jres

willbe av~~ilableto thr?operatcjrfor f~ne-tunhg uf the performaw~!.

In the eve~t of equ~pment failure, the control and diagnostic

system will idelltjfy the faulty equipment and w1ll notifythe cperatur.

In someca:)es, furtherdiagnosticsmay be available tu pjnpo~nt the

f~ulty unit lri need of replacement. Must repairs will be arcompl~shed

by unit replacement.

All criticalparameterswiil be monitoredperiodicallyand will

be comparedto theircurrentsetpo~nt values Rnd tolerance limits,

The operator wli~ bc rl~tified of out-uf-tolermcr.! condltiol~s, and irl

some cases, corrective action will be wtomatf’d. Selected data will
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be collected on a regular basis for generaland specialize logs to

suppurt machine records and statistical studiesof machine performance.

The rontrol system is comprised of a minicomputer, a controlcon-

sole,and a distributediarrayof small,modular,and intelligent contro:

station5 as shown in Fig. 24. The desiqni~ bawd on an adb’ancedarch-

itectureUevelopeaanclGemonstrateaat the Fermi National Accelerator

Laboratory (FNAL). The designbenefitsfromstate-of-the-artencJineer-

iny anc fromyearsof experiencein controllingan operatingJinac.

Thisgeneralconfigurationwill controlseveralnew acceleratorfacili-

tiesin thenear future,ircludingthe injectorlinacof FNAL,the anti-

protcraccumulatorringat TNPL,and the NE5/LASLracetracknlicrotron.

Tt~ePIGMIsystemwill t,enefitfro~r’theserelatedapplications.

Tne equipment sy~tems under the s~mveillanceof the controlsystem

includeir~:cctorparameters, cavity fielc parameters, temperature ron-

txul Systmw, furwa:dand reflectedpower~,F’FN modulator ~lalamf>ters,

beanai:ly~astic$,bearr+sLillradiation monitors,and a fewelectro-

magnetic; quadruplesar~dsteeringmagnets. A few protectionsysttims,

%uchas tileperScr)lK)]safetysystem,the run-permitSystcfrl,and the

fast-protectsysttw,are Amplemeotea ~ndepel~dently of the control

system,~l]d~)luvi w tlw;i StatUS, but r)uCOntrO~, tO the COMpUteI-

controjsystem.

The COl)trOl Systm wl~l exp~~ience its heav~e:t load during cclm-

miss~unlng, ruut{.neacccl[?ratormaJntenarrvpe-iocfs,and shsequer-ft

turrbo~l.These’are also tllup~riodsin which the greatestdemands w~ll
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be made for good responsefromthe system. Tne systemwill be expected

to SlJf2pUrt accelerator’ maintenance with effeCtiv~ diagnostic teStlng

and exercising af all subsystems. It will providestraightforwardand,

in sone cases, automatic proced~res for machineturn-on,tur,e-up,and

faultrecovery. Effectiveand responsivecontrolwill be providedat

the operatorsconsole,includingvisualdisplaysand timely execution

of operatorinstructions.Duringthe initialcommissioningperiodand

subsequent machine developmentperiods,the controlsystemwill support

a varietyof beamdiagnosticmeasurements.


